Introduction {#S1}
============

Pregnancy is a major physiologic event in a woman's life, leading to significant body and metabolic changes. During the implantation of the embryo, a new transient organ is formed connecting mother and fetus, the placenta ([@B7]). The structure of the placenta will, during pregnancy, provide a range of functions such as fetal nutrition and oxygenation, as well as the secretion of endocrine factors, also building a maternal-fetal immune tolerance ([@B25]).

During the first three gestational weeks, the blastocyst implants in the decidual endometrium, developing the placenta. The implantation is mediated by the invasion of trophoblasts, the main cells forming the placenta ([@B34]). Trophoblasts are primitive cells giving origin to different cell lineages such as the cytotrophoblasts and the syncytiotrophoblasts. More specifically, during invasion, the cytotrophoblasts form a cell layer under the syncytiotrophoblasts, so these can infiltrate in between uterine epithelial cells in order to ensure the implantation of the embryo ([@B34]).

During the implantation process, endometrial cells, and uterine vessels, in addition to uterine immune cells, are modified to form the decidua. Trophoblasts will, in addition, invade the spiral arteries of the uterus. In order to reach this goal, trophoblasts differentiate into villous trophoblasts, ensuring the feto-maternal exchanges and the endocrine functions of the placenta, and in invasive extravillous trophoblasts, essential for the implantation and remodeling of the uterine vessels. The extravillous trophoblast proliferates and becomes invasive, migrating into the decidua and myometrium.

The migration of the extravillous trophoblasts into the maternal spiral arteries also represents another key step of human placentation ([@B4]). There, extravillous trophoblasts will replace maternal arteries endothelium and smooth muscle cells by stimulating their apoptosis and ultimately promote vessel remodeling ([@B59]). The invasion of extravillous trophoblasts further reduces vasomotor tonus and responses of spiral arteries to vasoactive factors ([@B4]), causing a permanent arterial dilation and ensuring an increased blood flow to the placenta and growing fetus ([@B51]). This remodeling process is completed around 20 gestational weeks in healthy pregnancies ([@B42]).

However, some pregnancies are associated with complications. Indeed, several studies have demonstrated defects in the vascular remodeling process in more severe complications such as preeclampsia ([@B12]). In abnormal placentation with poor vascularization of the placenta, the transition of increased oxygenation does not occur, resulting in tissue hypoxia. In addition, the failure of vascular remodeling can reduce significantly the blood supply to the placenta, stimulating a placental metabolic stress and the release of vasoactive factors. As a result, maternal blood pressure can increase significantly either directly due to the chronic rise in uterine vascular resistance, or in response to placental vasoactive factors, causing hypertension in the mother ([@B30]; [@B2]; [@B8]; [@B16]). Indeed, hypertension occurs in 10% of all pregnancies in the world. If it is not treated or is not well-monitored during pregnancy, it can predispose to more severe outcomes such as preterm delivery, low birth weight and preeclampsia.

In this review, we will describe one of the most severe hypertensive disorders of pregnancy, preeclampsia. We will discuss how the molecular mechanisms linked to abnormal placentation involving maternal inflammation by activation of immune cells and apoptosis can alter placental vascularization and contribute to the unfavorable progression of preeclampsia.

Pathogenesis of Preeclampsia {#S2}
============================

Preeclampsia is a disorder emerging around 20 gestational weeks; however, it is diagnosed through high blood pressure values (≥140/90 mmHg) and proteinuria of ≥ 0.3 g per day later during gestation. Other symptoms can be also associated such as edema, severe headaches and visual disturbance ([@B6]). Considered a major cause of maternal and fetal mortality and morbidity, preeclampsia affects 2 to 10% of all pregnancies worldwide with nearly 70,000 maternal deaths annually ([@B15]). It can lead to multi-systemic and serious complications in the mother such as cerebral hemorrhage, renal failure, HELLP syndrome, which is characterized by associated hemolysis and liver injury, and even eclampsia with severe seizures in more severe cases.

In addition, the fetus can also be affected by preeclampsia since it is one of the leading cause of premature birth and intrauterine growth restriction, mainly due to insufficient nutrient supply and chronic hypoxia exposure ([@B47]). In addition, the only known treatment of preeclampsia to date is premature delivery. Nevertheless, there are risk factors already identified and they include previous history of preeclampsia or family history, multiple pregnancies, as well as cardiometabolic factors such as obesity, diabetes and chronic hypertension ([@B14]).

The pathogenesis of preeclampsia is still not well-understood and seems to associate differential complex alterations in the placenta and maternal circulation, turning this disorder a major subject of a large amount of studies. Some, however, agree that the preeclampsia origin is an abnormal placentation, which can be defined by two distinct developmental stages: the pre-clinical and the clinical stages ([@B39]). While the pre-clinical stage is determined by critical changes in placental structure and development, the clinical stage is characterized by circulatory systemic changes and symptoms in the mother.

The pre-clinical stage corresponds to inefficient trophoblast invasion in the maternal decidua ([@B58]). If the cell invasion occurs only superficially at this stage, trophoblasts will fail to reach the maternal spiral arteries and to promote the vascular remodeling, resulting in increased arterial resistance and reduced blood flow ([@B48]). A disrupted remodeling of maternal spiral arteries is, therefore, a major consequence of the pre-clinical stage. It further contributes to promote placental ischemia and to stimulate the secretion of pro-inflammatory factors by the placenta, leading to the second stage of abnormal placentation ([@B39]). Following the pre-clinical stage, the clinical stage corresponds to the manifestation of symptoms in the mother such as severe, and sometimes uncontrolled, high blood pressure, and proteinuria followed by the dysfunction of multiple organs ([@B8]).

Therefore, it is now well-understood that a healthy placentation depends on the essential steps of placental development and the ability to respond or adapt to different types of stress. The dysfunction of one of these processes can have harmful repercussions on maternal circulation and fetal development.

In the pre-clinical and clinical stages, the maternal immune cells are also active. Lymphocyte T cells can significantly increase the production of inflammatory cytokines such as tumor necrosis factor alpha (TNFα) and interleukin-6 (IL6), as shown in preeclampsia. Pro-inflammatory responses are also associated with a reduction in anti-inflammatory cytokines ([@B13]; [@B28]). In maternal vessels, an increase in pro-inflammatory TNFα and IL6 contributes to causing endothelial dysfunction, which is a hallmark of preeclampsia mainly characterized by reduced production of vasodilation factors and an increase in the permeability of endothelial cells ([@B13]). TNFα is also shown to decrease nitric oxide synthase (NOS) gene transcription while increasing the production of the potent vasoconstrictor endothelin-1 ([@B11]). Further, placental ischemia can trigger an oxidative stress state, characterized by the bursting of large quantities of reactive oxygen species (ROS) in the cell membrane, the endoplasmic reticulum and the compartments of the mitochondria, causing protein and DNA damage ([@B52]). Hence, all these mechanisms contribute to stimulate a state of chronic inflammation during abnormal placentation.

Inflammation can further activate and promote the programed death of trophoblasts, a process called apoptosis. In normal healthy pregnancies, the mechanisms of apoptosis can be of crucial importance to protect the trophoblasts from the attack of maternal immune cells and to promote the death of uterine arteries endothelial cells and their replacement by extravillous trophoblasts ([@B1]; [@B3]). However, under inflammation, activation of apoptosis can backfire on the trophoblasts, significantly disrupting trophoblast migration and placental vascularization, also exacerbating immune responses ([@B54]).

In addition, it has been described that abnormal placentation can be associated with an imbalance in the production of pro-angiogenic and antiangiogenic factors by the placenta. Increased secretion of antiangiogenic factors soluble fms-like tyrosine kinase 1 (sFlt1) and soluble endoglin (sEng), as well as reduced production of pro-angiogenic factors vascular endothelial growth factor (VEGF) and placental growth factor (PlGF) during exposure to ischemia, likely contributes to the pathogenesis of preeclampsia ([@B31]; [@B26]). An increasing number of studies have identified enhanced sFlt1 expression in placentas of pregnancies with preeclampsia ([@B26]). sFlt1 is the soluble form of VEGF receptor 1 (VEGFR1) and antagonizes the pro-angiogenic effects of VEGF. In addition, sEng, another key antiangiogenic protein, is also shown to be up-regulated in preeclampsia ([@B16]). On the other hand, the synthesis of pro-angiogenic PlGF was associated with an exacerbated production of anti-angiogenic factors during preeclampsia ([@B31]). These results indicate that abnormal placentation does not only cause changes in uterine vessels but also a systemic damage to the maternal endothelium and the angiogenesis capacity, which can lead to endothelial dysfunction ([@B17]).

In the next sessions, we describe how these two interconnected mechanisms involving the maternal immune system and cell death act during placentation and placental vascularization in healthy pregnancies and in the pathology of preeclampsia.

Immune System in Preeclampsia {#S3}
=============================

Several hypotheses have been proposed to explain an abnormal trophoblast invasion and the over activation of placental inflammation in early pregnancies with preeclampsia. Some support an impaired maternal immune response or a defective maternal immune-tolerance to the semi-allogeneic fetus ([@B44]). A successful invasion in normal pregnancies relies on an adequate interaction between trophoblast cells and maternal epithelial, immune and endothelial cells and tissues ([@B36]). In this regard, the maternal immune system plays a key role in facilitating the interaction of two immunologically different beings, the mother and the fetus ([@B4]).

In normal pregnancies, the processes of trophoblast invasion and spiral artery remodeling are highly dependent on the maternal immune system to allow significant tissue changes ([@B19]). During trophoblast invasion, the decidua contains a high number of immune cells necessary for the migration of trophoblasts ([@B44]). They include macrophages, natural killer cells (NK), dendritic cells (DCs), T lymphocyte and T regulatory cells (Tregs) ([@B36]). These cells infiltrate the decidua and gather around the trophoblasts allowing them to reach the endometrium and spiral arteries ([@B21]). On the other hand, Tregs and regulatory cytokines ensure the proper control and function of pro-inflammatory cells and their actions during invasion ([@B4]). In mouse models, it is well-documented that Treg cells are important for maternal-fetal immune tolerance ([@B19]). In addition, it is believed that the DCs present in the decidua can promote a dominant presence of T helper type 2 cells (Th2) in the uterus and placenta in order to induce immune tolerance of mother to fetus ([@B21]; [@B11]).

However, an over activated immune system can play a significant negative role in placental development and the progression of preeclampsia. Epidemiological evidence supports this role, indicating an association between adverse changes in maternal immune responses and preeclampsia ([@B33]). In particular, the fact that preeclampsia can surge more frequently in the first pregnancy, and also that long-term exposure to partner's sperm has been described as reducing the risk of preeclampsia, or that risks may increase during artificial reproduction, for example, support the hypothesis that the immune system can have a direct impact and perhaps even induce preeclampsia ([@B38]). In addition, the mechanisms allowing the semi-allogenic trophoblast cell to invade maternal tissues by outwitting maternal processes of non-self recognition can also fail during preeclampsia ([@B11]).

One hypothesis is that over activation of immune cells stimulates trophoblast apoptosis in preeclampsia ([@B29]). Indeed, during healthy pregnancies, the non-recognition of trophoblasts by maternal immune cells reduces the activation of inflammation, and this will consequently decrease the lysis of the trophoblasts present in the decidua ([@B11]). In addition, a recent study showed a very low presence of macrophages during trophoblast invasion in normal pregnancies ([@B55]). However, in preeclampsia, their numbers can be dramatically increased, notably in the uterine artery wall of patients, where very few extravillous trophoblasts were also present.

T lymphocytes along with NKs and DCs have also been found to respond differently in preeclampsia compared to normal pregnancies, tending to develop a pro-inflammatory state ([@B20]). These cells produce and respond to a broad spectrum of cytokines and are involved in paracrine mechanisms regulating trophoblast invasion ([@B41]). *In vitro*, maternal macrophages could further induce apoptosis of periarterial extravillous trophoblasts ([@B40]; [@B20]; [@B55]). In addition, excessive activation of neutrophils and monocytes in clinical and experimental preeclampsia have also been described ([@B19]; [@B11]). Monocytes have been found to spontaneously synthesize larger quantities of pro-inflammatory cytokines such as IL1b, IL6, and IL8 ([@B19]).

Another defective system appears to be involved in the dysfunctional invasion of trophoblasts in the spiral arteries. Human leukocyte antigens (HLAs) are major histocompatibility complex (MHC) molecules expressed on different cells of the placenta. Invasive extravillous trophoblasts express Class I HLA-C and the atypical class Ib antigens HLA-G, which promote immune-regulation between extravillous trophoblasts and maternal decidual NK cells. HLA-G is a ligand for the inhibitory receptor KIR2DL4 of NK cells ([@B9]). Consequently, the expression of HLA-G by the extravillous trophoblast can defend it against cell death mediated by NKs. This is an essential mechanism of extravillous trophoblast protection to allow cell invasion during healthy pregnancies mainly by inhibiting NK cytotoxicity and cytokine production ([@B9]; [@B35]). HLA-G can also directly modify the biological function of trophoblast cells stimulating invasiveness by different cell signaling pathways ([@B35]). However, a lower HLA-G expression in the placenta, more specifically in extravillous trophoblasts, has been described in preeclampsia ([@B61]; [@B49]).

Lower expression of other HLA genes can inversely protect the placenta. For example, syncytiotrophoblasts do not express HLA-A and HLA-B genes, which leads to not expressing MHC-I, a major binding site for lymphocyte T cells ([@B56]; [@B44]; [@B11]). Therefore, by being in close contact with the activated maternal immune system, the lack of HLA-A and -B protects the syncytiotrophoblasts from maternal T cells, hence preventing tissue rejection ([@B28]).

Apoptosis in Preeclampsia {#S4}
=========================

An important mechanisms involved in maternal-fetal immune tolerance is apoptosis, which is defined as a programed cell death that can be induced by two different pathways: the extrinsic and the intrinsic ([@B18]). The mechanisms of activation of these two pathways are illustrated in [Figure 1](#F1){ref-type="fig"}. The extrinsic pathway is initiated when a cell expressing a FAS receptor on the surface binds to its FAS ligand (FASL), activating a cascade of pro-apoptotic elements and leading to cell death. The binding of FASL to the transmembrane receptor FAS recruits procaspase 8, further activated to caspase 8. This then cleaves another type of procaspase generating the active form of caspase 3. Active caspase 3 will also recruit other downstream effectors, promoting the final steps of cell death ([@B18]).

![Placental apoptosis mechanisms. **(A)** Extrinsic apoptosis pathway activation in maternal immune cells stimulated by trophoblasts producing FASL. **(B)** Extrinsic apoptosis activation in trophoblasts stimulated by FASL produced by the maternal immune system and intrinsic pathway activated by environmental stress such as hypoxia and DNA damage. FAS, FAS receptor; FASL, FAS ligand; FADD, Fas-associated protein with death domain; C-FLIP, cellular FLICE (FADD-like IL-1β-converting enzyme)-inhibitory protein; P53, apoptosis inductor; BCL-2, B-cell lymphoma 2; BAX, BCL2-associated X apoptosis regulator; Mdm2, Human mouse double minute 2; Bid, BH3 interacting-domain death agonist; tBid, truncated p15 BID; Apaf-1, apoptotic protease activating factor 1.](fphys-11-00098-g001){#F1}

The intrinsic pathway is usually activated during intracellular stress such as ischemia and DNA damage, or when cells receive signals from certain pro-apoptotic factors. During intracellular stress, P53 is also activated, a protein which main role is to stimulate cascades of pro-apoptotic factors mainly targeting the mitochondria ([@B23]). One of these factors, a pro-apoptotic member of the BCL2 family called Bax, releases cytochrome C from the inner mitochondrial membrane during stress ([@B53]). Subsequently, cytochrome C can form an apoptosome in the cytosol, a complex comprising active caspase 9 and Apaf-1, in order to cleave procaspase 3 to its active form and, therefore, cause cell death ([@B54]).

[Figure 1](#F1){ref-type="fig"} also illustrates the critical changes in apoptosis pathways during normal healthy and complicated pregnancies. During healthy and abnormal placentation, the mechanisms of apoptosis, as noted above, occur in the vast majority of placental cells and likewise in placental villous trophoblasts. They regulate the number and type of trophoblast population in the placenta and decidua, greatly influencing maternal-fetal immune tolerance ([@B54]). Apoptosis is particularly important in the initial and final stages of placental development and function. Apoptotic cells have been found in the maternal and embryonic parts of the placenta during normal pregnancy. The presence of these cells is associated with stages of placental development, including the invasion of trophoblast, remodeling of the spiral arteries, differentiation of trophoblasts and childbirth ([@B1]). However, stimulation of placental apoptosis is also regulated by maternal immune cells, although the main mechanisms activated by these cells in normal and complicated pregnancies are not yet fully understood.

Evidence supports that in normal pregnancies, trophoblasts secrete FASL rather than expressing the FAS receptor ([@B32]), as shown in [Figure 1A](#F1){ref-type="fig"}. The predominance of FASL secretion reduces their susceptibility to activate themselves and enter apoptosis ([@B5]). Therefore, the higher FASL secretion combined with lower FAS receptor expression may protect trophoblasts against cytolytic activation of maternal immune cells. Instead, they can stimulate the extrinsic apoptosis pathway in maternal immune cells such as T lymphocytes and macrophages, naturally expressing higher amounts of FAS receptor ([@B32]; [@B50]). In addition, the higher secretion of FASL by trophoblasts is an important mechanism activating apoptosis of endothelial cells in the maternal spiral arteries ([@B43]). This process is therefore critical for their replacement by extravillous trophoblasts during normal placentation ([@B43]).

On the other hand, changes in this process and on main players have a significant negative impact on placental development, contributing to the establishment of placental abnormalities. In hypertensive pregnancies, for example, increased trophoblast apoptosis and reduced cell invasion were described ([@B60]). More specifically, during preeclampsia, apoptosis was described in extravillous trophoblasts in the vicinity of the wall of the spiral arteries, rather than in maternal endothelial cells ([@B60]). It has also been shown that these extravillous trophoblasts, instead of mainly expressing FASL, express FAS receptor and the TNF-α receptor 1, another pro-apoptotic factor. They also had lower expression of anti-apoptotic factors BCL2 and Mcl-1.

Consistent with these findings, we and others have also shown that the expression of FAS and FASL in serum and in maternal lymphocytes also occurs in preeclampsia ([@B40]; [@B45]). We also described the polymorphisms of FAS-670A/G and FASL IVS2nt124A/G genes in the lymphocytes of pregnant women with preeclampsia. These polymorphisms were characterized by a higher production of FASL by the maternal immune cells, supporting the postulate of an over activation of pro-apoptosis responses in the trophoblasts, as illustrated in [Figure 1B](#F1){ref-type="fig"}, which could contribute to alter the placentation during preeclampsia ([@B1]). In line with our findings, another study also described increased expression of the FAS receptor and reduced expression of FASL in the placentas of pregnancies with hypertensive disorders ([@B50]).

In addition, over activation of the intrinsic pathway may also occur due to reduced anti-apoptotic factors, being another potential origin of exacerbated apoptosis in preeclampsia ([Figure 1B](#F1){ref-type="fig"}) ([@B27]; [@B54]). Indeed, several studies have shown that, during the development of the trophoblastic villi, an early stage of apoptosis is activated, specifically targeting cytotrophoblasts, whereas later stages of apoptosis are more likely to affect syncytiotrophoblasts ([@B28]). Syncytiotrophoblasts are multinucleated cells with number of nuclei increasing up to nine times from the beginning of gestation to term. These nuclei can form aggregates called syncytial knots. In normal pregnancies, knots are rarely seen before 20 weeks of gestation and their frequency increases in mature placentas ([@B37]). They are also very frequent in the placentas of complicated pregnancies, being present on almost all terminal villi in preeclamptic placentas ([@B57]). Currently, the presence of a large number of syncytial knots can indicate premature aging of the placentas ([@B37]).

Syncytiotrophoblast apoptosis in preeclampsia has also been associated with larger numbers of syncytial knots and higher oxidative stress ([@B57]; [@B22]). Rajakumar et al. have also described the presence of syncytial knots in the bloodstream of preeclamptic mothers ([@B46]). In their study, they described the presence of large structures of 50--150 μm consistent with detached syncytial knots after gently rinsing the placentas of preeclamptic pregnancies. The syncytial origin was determined by the fact that these structures were always membrane-bound and multinucleated. Interestingly, in normal term placentas, very few multi-nucleated structures were observed in the effluent. Their data indicated that the abundant syncytial knots in the preeclamptic placentas can easily detach from the syncytial layer to become free aggregates of syncytial origin. Furthermore, these syncytial aggregates have been described as containing a large expression of sFlt1, potentially contributing to impair placental angiogenesis in preeclampsia ([@B46]).

The increase of syncytial knots in trophoblasts has been observed and associated with down regulation of anti-apoptotic factors of the intrinsic pathway such as BCL2 and Mdm2 and with premature aging of the placenta in preeclampsia ([@B10]). In addition, they can also increase significantly when exposed to hyperoxia, hypoxia or greater amounts of ROS in the placental villi ([@B24]). These findings indicate that the presence of knots in syncytiotrophoblasts may reflect placental responses to environmental stress and the activation of intrinsic apoptosis pathways in abnormal placentation and preeclampsia.

Summary {#S5}
=======

Despite the increasing number of studies reporting the involvement of the maternal immune system and apoptosis in the development of the placenta and preeclampsia, the main mechanisms promoting cell death and ineffective vascular remodeling in abnormal placentation are still unclear. It is well-known that close interaction between the maternal immune system and trophoblasts is essential during placentation. However, in the presence of an over activation of inflammation and apoptosis of the trophoblasts, it leads to abnormal placentation with impaired invasion, vascular remodeling and microcirculation in the placenta. Activation of different pathways of apoptosis also depends on pathological processes in the placenta. More specifically, activation of the FAS/FASL extrinsic pathway and of the intrinsic pathway mediated by P53, Bax, and BCL2 have been systematically reported in normal and complicated pregnancies such as preeclampsia although their mechanisms are not yet fully understood.

Future studies are therefore necessary to better understand the mechanisms of activation of the extrinsic and intrinsic apoptosis pathways in hypertensive disorders of pregnancy and whether their activation may also depend on different pathological stimuli associated with preeclampsia. Current data support that activation of the extrinsic pathway is largely associated with systemic and local immune and inflammatory responses in the placenta. The intrinsic pathway is primarily described as a consequence of trophoblasts disruption under severe and chronic hypoxia, DNA damage and environmental stress conditions. Importantly, the close interaction of these two pathways can help promote abnormal placentation and vascularization, aggravating placental stress during preeclampsia. More studies evaluating these mechanisms are therefore needed to elucidate these interactions and to investigate new therapies capable of reducing the activation of apoptosis at different stages of the development of preeclampsia.

Author Contributions {#S6}
====================

NR wrote the manuscript and supervised figures edition. SM designed the figures and collaborated in writing. MB reviewed and edited the text and figures.

Conflict of Interest {#conf1}
====================

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

**Funding.** NR has a postdoctoral fellowship from the Société Québécoise d'Hypertension Artérielle/Servier. MB laboratory is funded with grants from the CIUSSS Nord-de-l'Île-de-Montréal, SickKids Foundation and Canadian Institutes of Health Research. This work was funded by the SickKids Foundation and Canadian Institutes of Health Research (NI20-1037).

[^1]: Edited by: Silvia Lacchini, University of São Paulo, Brazil

[^2]: Reviewed by: Loren P. Thompson, University of Maryland, Baltimore, United States; Keshari Thakali, University of Arkansas for Medical Sciences, United States

[^3]: This article was submitted to Vascular Physiology, a section of the journal Frontiers in Physiology
